The feasibility of using UV-sensitive Large Area Avalanche Photodiodes (LAAPD) as the photosensor in xenon Gas Proportional Scintillation Counters (GPSC) is investigated. It is shown that the LAAPD can successfully replace the photomultiplier tube as the UV photosensor of GPSCs without degradation of the detector energy resolution, enabling the development of compact GPSCs. Energy resolutions of 7.9% and 4.4% are obtained with a xenon-"lled GPSC for 5.9 and 22.1 keV X-rays, respectively.
Gas Proportional Scintillation Counters (GPSC) are mostly used for X-ray spectrometry in a variety of applications including astrophysics, high-energy physics and medical instrumentation [1}4] , where room-temperature operation with large detection areas and high counting rate capability are required.
Since its introduction [5] , GPSCs have been largely investigated and its technology is now well established. Photomultiplier Tubes (PMT) are the most used photosensors for the GPSC scintillation readout and xenon is the preferred absorption medium for X-ray detection. However, while PMTs provide low-noise gain with large active areas, they increase the bulk, cost, power consumption, complexity and fragility of the otherwise simple and robust detector. Additionally, they require highpurity quartz windows, which partially absorb the scintillation light, especially the thick windows required for high-pressure applications.
Alternatives to replace the PMT by a more convenient photosensor have been investigated [6}15]. These included multiwire or microstrip proportional chambers with either UV-sensitive "lling gases or CsI photocathodes. Typically, these have been independent devices coupled to the GPSC through an intervening VUV window. Also, photosensors integrated in the GPSC envelope, in direct contact with the scintillation gas, have been investigated [11}13,15] . However, the best performance achieved with such integrated photosensors [15] is worse than the one achieved with a PMT-based GPSC, although better than the one achieved with proportional counters.
The use of photodiodes as the scintillation readout for GPSCs was also formerly investigated Fig. 1 . Schematic of the GPSC with LAAPD photosensor. [7, 9] . Photodiodes present an attractive alternative to PMTs as the GPSC photosensor. They are simple to operate, have very low power consumption, high quantum e$ciency and can be operated in high-intensity magnetic "elds. However, until recently, their sensitive range excluded the VUV region and they were operated outside the detector together with a wavelength shifter placed on the inside of the scintillation window, a serious drawback for gas purity and long-term operation stability.
Recently, silicon photodiodes sensitive to VUV photons have been developed [16, 17] . These can operate within the xenon envelope without the requirement of a quartz window that has less than full transmission of the VUV light. The substitution of the PMT and the elimination of the scintillation window is in itself a compelling reason for further development of integrated photosensors. Thus, the study of the potential application of VUV photodiodes to GPSC technology is demanding.
The use of a VUV photodiode as the photosensor in GPSCs was investigated [18] , but the lack of an ampli"cation stage in the photosensor resulted in very low output signal and a limited signal-tonoise ratio. The obtained results were not as good as the ones obtained with a standard proportional counter. In principle, an avalanche photodiode would provide the needed signal ampli"cation and improve the achievable performance.
In this work we report experimental results obtained with a xenon-"lled GPSC using a Large Area Avalanche Photodiode (LAAPD) as the VUV photosensor readout, in substitution of the PMT.
The schematic representation of the GPSC with the LAAPD is presented in Fig. 1 . It is a uniform-"eld GPSC with a 2.5 cm deep drift region, a 0.8 cm deep scintillation region and "lled at a pressure of 825 Torr with xenon that is continuously puri"ed through getters. The LAAPD is placed just below the second grid, G
. Grids G and G are highly transparent and are made of stainless-steel wire, 80 m in diameter and 900 m spacing. The detector radiation window is made of Mylar, 6 m thick, with 2 mm in diameter. A Macor piece is used to insulate the radiation window holder and the grid G holder. A low vapour pressure epoxy was used to vacuum-seal the Macor piece, the radiation Fig. 2 . Relative detector pulse amplitude, energy resolution and peak to electric-noise-tail ratio as a function of the LAAPD bias voltage for 5.9 keV X-rays.
window and holder as well as the grid G voltage feedthrough. The LAAPD is vacuum-sealed by compressing the photodiode enclosure against the stainless-steel detector body using an indium wire.
The GPSC radiation window and its focusing electrode are operated at negative voltage while the grid G and holder, as well as the LAAPD enclosure, are maintained at ground potential. The voltage di!erence in the drift region between the radiation window and the "rst grid, G , determines the reduced electric "eld (the electric "eld intensity divided by the gas pressure, E/p) in the drift region, while the G voltage determines the reduced electric "eld in the scintillation region. Typical reduced electric "elds of 0.8 and 6.5 V cm\ Torr\ were used in the GPSC drift and scintillation region, respectively [19] . The LAAPD [20] has 105% quantum e$ciency at 170 nm and an active area with a diameter of 16 mm. It was biased with a variable voltage, < , for operation at di!erent gains.
The LAAPD signals were fed through a lownoise 1.5 V/pC charge pre-ampli"er to an ampli"er with 2 s shaping time and are pulse-height analyzed with a 1024-channel MCA. For pulseamplitude and energy resolution measurements, the X-ray pulse-height distributions are "tted to a Gaussian function superimposed on a linear background, from which the centroid and the fullwidth at half-maximum (FWHM) are determined.
In Fig. 2 , we depict the detector relative pulse amplitude, the energy resolution and the peak to electric-noise-tail in the low-energy-limit ratio, as a function of the LAAPD bias voltage for 5.9 keV X-rays, obtained from a Fe radioactive source with the K line "ltered with a chromium "lm. As expected, the detector relative pulse amplitude variation presents a good agreement with the exponential gain of the LAAPD, speci"ed by the manufacturer. Energy resolutions of 7.9% are obtained, a performance similar to the one achieved with a 2-PMT-based GPSC of similar design [19, 21] and better than the one obtained with small area (1 a) PMTs [22, 23] . Fig. 2 also shows that a good detector energy resolution is achieved even for sensor gains as low as 20, corresponding to a peak to electric-noise-tail in the low-energy-limit ratio larger than 30. The possibility of using such low photosensor gains re#ects not only the high gain of the scintillation ampli"cation process in the GPSC but also the high e$ciency of the VUV light conversion into charge signal, before charge ampli"cation, in the photosensor [18] . This behaviour shows that the Fig. 3 . Pulse-height distributions obtained with the GPSC instrumented with a LAAPD for Fe and Cd X-ray radioactive sources and for < "1720 V. E/p of 0.8 and 6.5 V cm\ Torr\ were used in the GPSC drift and scintillation region, respectively. light-to-charge conversion e$ciency is much larger for the silicon-photodiode-photosensor than for the CsI-based photosensors which, even with photoelectron charge gains of about 10, cannot produce that low-energy-resolution "gure [14, 15] .
Typical pulse-height distributions for Fe and Cd X-ray radioactive sources and for < "1720 V are presented in Fig. 3 . The spectral features include the K and K peaks and the detector electric-noise-tail in the low-energy limit, below 0.2 keV. A detector energy resolution of 4.4% is obtained for the 22.1 keV X-rays, a "gure that is better than the one achieved with a 2-PMT-based GPSC of similar design (5.2%) [24] .
The present results demonstrate that UV-LAA-PD can be used as the photosensor in a xenon GPSC, substituting the PMT without detector performance degradation. These results present a signi"cant advance towards the feasibility of portable high-performance X-ray spectrometry systems based on the GPSC technology. Detailed studies of the performance characteristics and ground for improvements of such type of detectors are planned.
